F
ALLS POSE A MAJOR HEALTH risk among older adults and are a leading cause of mortality, morbidity, and premature nursing home placement. 1, 2 It is estimated that falls occur in approximately a third of persons older than 65 years each year. 3 Insomnia and disturbed sleep are also increasingly common in older adults. A few prior studies have found that insomnia or other sleep characteristics are related to an increased risk of falls. [4] [5] [6] A recently published study from our group, based on data from the multicenter Study of Osteoporotic Fractures (SOF), found that selfreported daily napping predicts the risk of incident falls and fractures. 4 In addition, both daily napping and self-reported long 24-hour sleep duration were associated with an increased risk of incident fractures. All studies thus far have been limited by the use of subjective sleep data, [4] [5] [6] and most have had other limitations, including retrospective ascertainment of falls 5 or incomplete covariate assessment. 5, 6 Older adults with insomnia are more likely to use hypnotic medications such as benzodiazepines, which have been associated with an increased risk of falls and fractures. [7] [8] [9] [10] [11] However, sleep characteristics have seldom been considered as covariates in these prior studies. It is not established whether it is poor sleep or medications used to treat sleep disturbances that explain the increased risk of falls in those who are prescribed such medications.
To our knowledge, the present study is the first to examine the relationship between objective estimates of sleep duration and fragmentation and subsequent risk of recurrent falls. The SOF provides a unique opportunity to study this question in a large cohort of primarily community-dwelling older women, who are well characterized for sleep exposures as well as critical covariates such as use of hypnotics and other medicaAuthor Affiliations are listed at the end of this article.
tions, neuropsychiatric and physical function, and comorbidities.
METHODS

SUBJECTS
The SOF is a prospective study originally designed to determine risk factors for osteoporotic fractures in older women. Between September 1986 and October 1988, 9704 communitydwelling white women 65 years and older were recruited from population-based listings in Baltimore, Maryland; Minneapolis, Minnesota; Portland, Oregon; and the Monongahela Valley near Pittsburgh, Pennsylvania.
At baseline, women were excluded if they were unable to walk without assistance or if they had undergone a previous bilateral hip replacement. Initially, African American women were excluded because of the low incidence of osteoporotic fracture among them. However, between February 1997 and February 1998, an additional 662 African American women 65 years and older were enrolled. Further details of the SOF cohort have been published elsewhere. 12 From January 2002 through April 2004, all surviving participants were invited to attend the eighth examination. Of 3676 women who participated in the eighth examination, the analysis subset comprised 2978 women who completed actigraphy and had at least 1 year of follow-up for incident falls subsequent to the examination. Of those excluded, 127 died within 1 year after the eighth examination, 568 were missing actigraphy data, and 3 had incomplete falls data. All women provided written informed consent, and the study was approved by the institutional review board at each site.
WRIST ACTIGRAPHY
Objective characteristics of sleep were estimated using an actigraph (SleepWatch-O; Ambulatory Monitoring Inc, Ardsley, New York). The actigraphs were worn on the nondominant wrist for a minimum of 72 hours (mean [SD] duration, 86.3 [19.3] hours). The actigraph is similar in size and weight to a standard wristwatch, and movement is detected via a piezoelectric bimorph-ceramic cantilever that generates a voltage each time the actigraph is moved. These voltages are gathered continuously and summarized over 1-minute intervals. Data are reported based on digital integration mode (or proportional integration mode), which we have shown corresponds most closely to polysomnography. 13 ActionW-2 software (Ambulatory Monitoring Inc) was used to analyze actigraphy data.
14 Participants also completed a sleep diary in which they were asked to record bedtime and wake time, known naps, and intervals during which the actigraph was removed (eg, for showering or bathing). This information was used in scoring as previously described. 15 Variables used in this analysis included the following: (1) total sleep time (the hours per night spent sleeping while in bed); (2) sleep efficiency (the percentage of time in bed spent sleeping); (3) wake time after sleep onset (minutes of wake after sleep onset during the in-bed interval-sleep onset was defined as completion of 20 continuous minutes of sleep after getting into bed); and (4) daytime inactivity (number of minutes of inactivity during out-of-bed interval, scored as daytime napping by actigraphy scoring algorithm). For convenience, daytime inactivity is referred to as "napping" throughout the remainder of the article. All exposure variables from actigraphy reflect average daily experience.
In a subset of SOF participants who had concurrent actigraphy and polysomnography (the gold standard) data during the same night, the intraclass correlation was highest for total sleep time (0.76) and moderately high for sleep efficiency and wake time after sleep onset (0.61 and 0.58, respectively).
13
ASCERTAINMENT OF INCIDENT FALLS
Participants were contacted by postcard or telephone every 4 months from baseline to ascertain vital status, self-reported incident falls, and the occurrence of fractures. Information from designated proxy sources (eg, a family member or close friend) was used if the participant was unable to respond. After more than 16 years of follow-up since the baseline examination, these contacts remain more than 95% complete.
A fall was defined as "falling all the way down to the floor or ground, or falling and hitting an object like a chair or stair." All falls reported on the first 3 triannual postcards returned after the eighth examination were included in this analysis; the mean (SD) follow-up for falls was 12.1 (0.9) months. The primary outcome for this analysis was defined as the occurrence of 2 or more falls (vs fewer than 2 falls) in the year after sleep assessment.
OTHER MEASUREMENTS
A comprehensive examination included measurements of height using a Harpenden stadiometer (Holtain Ltd, Croswell, Crymych, United Kingdom), and weight using a balance beam scale. Body mass index was calculated as weight in kilograms divided by height in meters squared. Tests of physical function included grip strength using a handheld isometric dynamometer ( Jamar Inc, Jackson, Mississippi), walk speed (time in seconds to walk 6 m at usual pace), and ability to complete 5 stands from a chair without use of arms or other assistance.
During an interview by a trained examiner, a complete inventory of current medication use (including use of benzodiazepines, benzodiazepine receptor agonists, antipsychotics, and antidepressants) was recorded and confirmed by examination of pill bottles. Medications were categorized using a computerized medication coding dictionary. 16 Depressive symptoms were assessed using the 15-item Geriatric Depression Scale; depression was defined as a Geriatric Depression Scale score of 6 or higher. 17, 18 Anxiety was measured by the 9-item Goldberg Anxiety Scale, with a score of 6 or higher indicating anxiety symptoms. 19 The Mini-Mental State Examination 20 was administered. This is a brief, global cognitive function test with concentration, language, and memory components designed to screen for cognitive impairment. The Mini-Mental State Examination scale ranges from 0 to 30, with higher numbers indicating better performance. To assess functional disability, women were asked whether they had any difficulty performing any of 6 instrumental activities of daily living (IADL), including ability to walk 2 to 3 blocks on level ground, climb up 10 steps, walk down 10 steps, prepare meals, do heavy housework, and shop for groceries or clothing. 21 All participants completed a questionnaire with information on physical activity (self-reported walking for exercise) and consumption of alcohol. Medical information included a history of a physician diagnosis of cardiovascular disease (including myocardial infarction, angina, congestive heart failure, other heart disease), stroke, diabetes, Parkinson disease, chronic obstructive pulmonary disease, and cancer. An indicator variable was created to indicate prevalence of 1 or more medical conditions. Possible dementia was defined as a Mini-Mental State Examination score lower than 26, self-reported history of dementia, or use of medications commonly prescribed for dementia.
Daytime sleepiness was defined as a score higher than 10 on the Epworth Sleepiness Scale. 22, 23 Participants were also asked how often their sleep at night was disturbed by having to get up to go to the bathroom.
STATISTICAL ANALYSIS
Characteristics of participants were compared across categories of total sleep time and by the recurrent falls outcome using 2 tests for categorical variables, analysis of variance for normally distributed continuous variables, and Kruskall Wallis test for skewed continuous variables.
Logistic regression was used to assess the association of sleep parameters and subsequent risk of recurrent falls, and results are presented as odds ratios (ORs) with 95% confidence intervals (CIs).
Characteristics of sleep were analyzed as categorical exposure variables based on current beliefs about clinically relevant values of sleep parameters in older adults and the availability of sufficient numbers of participants in each category. Similar conclusions were obtained when sleep exposure variables were analyzed as continuous exposures (data not shown).
A variety of potential confounders were screened (based on known association with falls) including age, body mass index, medical conditions, walking for exercise, alcohol use, depression, cognitive impairment and possible dementia, frequent bathroom trips during the night, and use of medications including benzodiazepines, antidepressants, and antipsychotics. Variables were considered for inclusion in multivariate models if they were related to total sleep time with a P value of less than .10 or if there was previous literature suggesting an association with sleep patterns. These potential confounders were added to models, along with age and race.
Final models included separate dummy variables for shortand long-acting benzodiazepine use vs none; however, results were similar when a single variable (any benzodiazepine use) was included instead. Additional potential mechanisms for the relationship of actigraphic sleep measures and risk of falls were explored by further adjustment for physical performance and subjective daytime sleepiness. All significance levels reported were 2 sided, and all analyses were conducted using SAS version 9.1 (SAS Institute Inc, Cary, North Carolina). Table 1 . Shorter sleep durations (Յ5 hours per night) were associated with decreased cognitive function and possible dementia, slower walking speed, higher body mass index, higher prevalence of chronic obstructive pulmonary disease and cardiovascular disease, and increased subjective daytime sleepiness and napping. Several characteristics appeared to have U-shaped relationships with total sleep time: IADL impairments, prevalence of stroke, antidepressant use, and antipsychotic use were elevated among both short-duration (Յ5 hours) and long-duration (Ͼ8 hours) sleepers compared with those with normal total sleep time (Ͼ7 to 8 hours), whereas walking for exercise was less common among short-and long-duration sleepers compared with those with more normal sleep durations. African American women were considerably more likely to be shortduration sleepers (comprising 18.1% of those with total sleep time of 5 hours or less and only 8% of those with total sleep time of more than 8 hours per night) compared with white women.
The distribution of number of falls during approximately 1 year after collection of sleep measures is shown in Figure 1 . Number of falls ranged from 0 to 38, with a mean (SD) of 0.84 (1.92). A total of 549 women (18.4%) had 2 or more falls during the year after the sleep assessments. As given in Table 2 , frequent fallers were older and had slower walk speed; were more likely to have IADL impairments, medical conditions, possible dementia, and lower Mini-Mental State Examination scores; were more likely to use benzodiazepines or antidepressants; and were more likely to report daytime sleepiness. In addition, fallers were more likely to have either short (Յ5 hours) or long (Ͼ8 hours) total sleep time and more likely to have fragmented sleep as measured by sleep efficiency and wake time after sleep onset.
CHARACTERISTICS OF SLEEP AND RISK OF FALLS
After adjustment for age and race, there was a U-shaped pattern of association observed between total sleep time and risk of falls ( Indexes of sleep fragmentation including poor sleep efficiency and greater wake time after sleep onset were associated with increased risk of recurrent falls in models adjusted for age and race and multivariate models (Table 3) . In multivariate models, compared with those with sleep efficiency of 70% or higher, those with sleep efficiency lower than 70% had a 1.36-fold increased odds of falling (OR, 1.36; 95% CI, 1.07-1.74). Similarly, those with wake time after sleep onset of 120 minutes of more (compared with Ͻ120 minutes) had a 1.33-fold increased odds of falling (OR, 1.32; 95% CI, 1.01-1.71).
There was no significant association between napping and risk of falls (Table 3) . Furthermore, the interaction of napping and total sleep time was not significant.
SLEEP CHARACTERISTICS, USE OF BENZODIAZEPINES, AND RISK OF FALLS
In all, 214 subjects (7.2%) reported current use of benzodiazepines. Sixty-four participants reported using longacting benzodiazepines, including clonazepam (n=26), diazepam (n = 24), clorazepate (n = 8), flurazepam hydrochloride (n=3), and chlordiazepoxide (n=3), and 156 participants reported using short-acting benzodiazepines, including lorazepam (n=63), alprazolam (n=49), temazepam (n = 37), triazolam (n = 10), and oxazepam (n=2).
Multivariate results given in Table 3 indicate that total sleep time and sleep fragmentation are related to risk of falls, independent of benzodiazepine use. Furthermore, results are similar when benzodiazepine users are excluded from models (data not shown). An elevated but nonsignificant risk of falls associated with the use of benzodiazepines was observed in multivariate models after accounting for total sleep time (Figure 2) . Use of any benzodiazepine (short and long combined) was associated with a 1.34-fold increase in risk of falls (OR, 1.34; 95% CI, 0.95-1.90), whereas short-and long-acting benzodiazepine use was associated with an increased odds of 1.43 (95% CI, 0.95-2.15) and 1.18 (95% CI, 0.64-2.17), respectively. There was no significant interaction of benzodiazepine use and sleep duration (or other sleep exposures) in relation to risk of falls.
There were too few users of benzodiazepine receptor agonists (n=30) to evaluate the association of this class of sleep medication and risk of falls, and the unadjusted association was not significant (Table 2) .
ADDITIONAL ANALYSES
Of the physical performance measures collected in SOF, the measure of walk speed was most strongly related to total sleep time (Table 1 ). In general, the magnitude of associations between sleep measures and risk of falls was reduced somewhat by the addition of walk speed to the models, suggesting that decreased physical performance may partly explain the association of poor sleep and risk of falls. The association of short sleep (Յ5 hours per night) and risk of falls was also attenuated by adjustment for walk speed (OR, 1.40; 95% CI, 0.92-2.12).
For the comparison of women with sleep efficiency lower than 70% with others, the odds of falling was decreased from 1.36 in the multivariate model, to 1.17 (95% CI, 0.89-1.52) after the addition of walk speed as covariate. Similarly, the multivariate odds of falling associated with wake time after sleep onset of 120 minutes or more decreased from 1.32 to 1.12 (95% CI, 0.84-1.50) after further adjustment for walk speed. Further adjustment of multivariate models for selfreported daytime sleepiness did not substantially affect the results (Table 3) .
COMMENT
To our knowledge, this is the first study to demonstrate an association of objective estimates of sleep-wake patterns and risk of recurrent falls in a large communitydwelling population of older women. Estimates of short and more fragmented sleep are strongly related to risk of falls, independent of potential confounders such as age, use of benzodiazepines and other medications, body mass index, and comorbidities. These associations are attenuated somewhat by further adjustment for walk speed. Recently, published data from the SOF have shown that measures of poor physical performance are associated with poor sleep as measured by actigraphy. 24 Walk speed may be on the causal pathway between sleep disturbance and risk of falls. Alternatively, short sleep may be a marker for physical frailty, which is related to both poor physical performance and risk of falls.
After adjustment for objectively measured total sleep time, use of benzodiazepines was no longer significantly associated with risk of falls, although there remained a suggestive trend in particular for use of short-acting benzodiazepines (OR, 1.43; 95% CI, 0.95-2.15). These findings suggest that the association between the use of these medications and risk of falls among older adults may be in part explained by poor sleep, a possibility which has never been explored using objective measures of sleep.
Prior studies of sleep and risk of falls all relied on selfreport of sleep duration and fragmentation, which may be more prone to misclassification of the exposure, 25 particularly in older subjects who may be particularly susceptible to cognitive impairments and memory loss. Within our SOF cohort, the correlation between selfreported nighttime sleep duration and total sleep time based on actigraphy was only 0.26.
Using information from a prior SOF visit on selfreported sleep and nap habits, our group recently found that daily napping was associated with risk of falls, whereas nighttime sleep duration was not related to risk of falls. 4 In contrast, the present study demonstrates strong associations of actigraphic estimates of short sleep and risk of falls, but no relationship of napping and risk of falls. The divergence in the findings may reflect diminished ability of older subjects to accurately report sleep duration. Furthermore, napping information based on actigraphy includes both intentional and unintentional naps and possibly periods of wake associated with very minimal levels of activity, which may be quite a different kind of exposure than self-reported daily napping. Most prior studies that have examined sleep as a risk factor for falls have been retrospective, examining selfreported sleep habits in association with history of falls during the previous 12-month interval. Teo et al 26 examined the independent effects of self-reported sleep characteristics and urinary incontinence on risk of falls in a population of 786 community-dwelling Australian women who were 75 years and older. Abnormal daytime sleepiness was associated with a 2-fold increase in risk of falls after controlling for fall-related risk factors including urinary incontinence and benzodiazepine use. Similarly, in a population-based survey of older adults (971 women and 555 men), Brassington et al 5 found that frequent napping was associated with a nearly 2-fold risk of falls after accounting for a variety of factors including the use of medications, mobility limitations, depression, and comorbidities. In contrast, there was no relationship between self-reported sleep duration and risk of falls.
In a study of 34 163 elderly nursing home patients, Avidan and colleagues 6 found that untreated insomnia and hypnotic-treated, nonresponsive insomnia were both associated with greater risk of falls (55% and 32% greater risk, respectively); however, hypnotic use alone was not associated with greater risk of falls. These findings are somewhat consistent with results of our study, which indicate that the use of benzodiazepines is not as strongly related to risk of falls after accounting for poor sleep.
The association between poor sleep and risk of falls could be mediated through a variety of mechanisms, including impaired cognitive function or depression, balance or gait problems secondary to medical conditions such as postural hypotension, use of medications, or other factors. Results of our multivariate regression models suggest that together these factors may explain some but not all of the relationship between short or more fragmented sleep and risk of falls. Sleep deprivation in younger adults leads to slower reaction times, 27 and this may represent an unmeasured factor that could explain these findings.
This study has many strengths, including the large sample size of community-dwelling older women, objective estimates of sleep and daytime inactivity patterns, and prospective ascertainment of falls. However, there are also some limitations. Results are not generalizable to other population groups such as institutionalized elderly persons, men, or younger adults. Short or fragmented sleep could be reflective of specific sleep disorders (eg, sleep-related breathing disorder) that cannot be discerned based on actigraphy. Actigraphy is a measure of activity and inactivity and not a definitive characterization of sleep-wake status. As such, actigraphy cannot reliably separate daytime napping from periods of extreme inactivity. Actigraphs were worn for a relatively short period (mean, 3.6 consecutive 24-hour periods), which may affect precision of the estimates. However, any decrease in precision would tend to bias associations toward the null and is offset by the large sample size in our study. Finally, the timing and circumstances of falling were not collected in this study.
In conclusion, actigraphic estimates of sleep duration and fragmentation are associated with greater risk of recurrent falls among older women, independent of use of hypnotic medications commonly used to treat insomnia such as benzodiazepines. Future studies, in particular randomized trials, are needed to determine the effects of newer pharmaceutical interventions for insomnia (eg, benzodiazepine receptor agonists) or cognitive behavioral therapy for insomnia on risk of falls. In addition, future studies using comprehensive and objective measures of sleep should examine the interrelationships between specific sleep characteristics (eg, sleeprelated breathing disorder, hypoxia, and measures of sleep duration and fragmentation) to determine if these disorders contribute independently toward risk of falls.
